Neste trabalho descrevemos um estudo teórico sobre a reação de polimerização do eteno catalisada por um complexo catiônico volumoso do tipo Ni(II)-a-diimina. Empregamos a combinação da teoria do funcional de densidade (DFT) e mecânica molecular (MM), contida na aproximação ONIOM, para avaliar as estruturas e energias envolvidas na polimerização do eteno, usando o sistema catalítico de Brookhart. Todas as estruturas intermediárias e de transição ao longo destes passos elementares foram tratadas como representativas do processo de polimerização. Discutimos a conformação do ligante em torno do sítio ativo ao longo das etapas da reação de polimerização, o ângulo de coordenação da olefina, complexo-p, e a formação de ramificações na cadeia polimérica em crescimento durante o processo de polimerização.
Introduction
In the middle of the 1990 years, Brookhart and co-workers 1, 2 have demonstrated that metallic complexes of late transition metals (Ni and Pd), bearing bulky a-diimine ligands, were able to polymerize ethene, a-olefins, and even polar monomers with satisfactory yields, leading to high molecular weight polymers with different microstructures. 3, 4 This discovery enlarged the number of applications of molecular Ziegler-Natta catalytic systems [5] [6] [7] on the development of new polyolefinic materials. 8 Particularly, by setting specific polymerization reaction conditions, Pd(II) and Ni(II) complexes, bearing a bulky a-diimine ligands, like bis[N- (2,6-diisopropylphenyl) Ferreira et al.
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The formation of these different molecular species is attributed to a mechanism involving the isomerization of the polymer chain, now known as "chain walking". 9 This process suggests that the catalyst "walk" on the growing polymeric chain, allowing the formation of diverse types of ramification. The chain walk mechanism is based on successive b-eliminations and reinsertions of the growing polymeric chain (Figure 2 ).
It is important to remark that the chain walk process will properly occurs if the environment around the catalytic site, promoted, for example, by bulky a-diimine ligands, hinders termination polymerization reactions, like b-hydride transfer from the growing chain to the monomer. Thus, under suitable polymerization reaction conditions, polyethylenes with different microstructures, from linear to hyperbranched, can be obtainded. 9 Due to these sets of characteristics on this kind of catalytic system, several academic and industrial research groups [10] [11] [12] [13] are now involved in the development of other molecular catalysts displaying higher thermal stability, or bringing up other diverse polymeric materials. 1, 2, 14, 15 Ziegler's and Morokuma's groups have carried out remarkable theoretical studies, shedding more light on essential electronic and steric factors influencing the growth of the polymer chain. 16, 17 They have compared several substituted and non-substituted a-diimine ligands to evaluate the major electronic and steric effects taking place in the main steps of polymerization process. With this work we want to shed even more light on the polymerization mechanism on Brookhart's catalysts, adding new insights on essential steps of olefin polymerization reactions. For this purpose, the bulky a-diimine ligand bis[N- (2,6-diisopropylphenyl) imino]acenaphthene, which is a priori more rigid than those studied previously, was used as model system.
Experimental

Computational methods and details
Full geometry optimization and frequency calculations were performed using a combined quantum-mechanics (QM) and molecular-mechanics (MM) approach according to the ONIOM methodology. 18, 19 The set of atoms treated with QM and MM parts are assigned on Figure 1 . For comparison, the border line between the QM and MM treatments adopted in this work was the same of carried out on previews works. 20 Besides, the border line assumed, indeed, takes into account the minimum number of atoms with QM treatment. This choice reduced significantly the computational cost without compromising the comparison among the relative free energies of the molecular structures here evaluated.
Local minima were identified by the absence of negative eigenvalues (NIMAG = 0) in the vibrational frequency analysis on the Hessian matrix, while transition state structures had only one negative eigenvalue (NIMAG = 1). As can be seen, the QM region include the polymerization reaction center, comprising the nickel center and its inner coordination sphere, i.e. all elements forming the chelating system, the coordinated olefin, and the alkyl (or hydride) ligand.
The ONIOM method is described in details in the review articles of Morokuma and co-workers. 18, 19 The implementation used in this work considers that all energies are obtained summing up the contribution of the QM region (E QM ) and the external region (E ext. ), which accounts for the chemical and the physical environment around the QM region (see Figure 1) . The E ext. is obtained, performing a MM calculation on the whole real system (E MM(real) ), and subtracting the energy obtained by the MM calculation of the model system (E MM(model) ). Thus, the energies are calculated according to equation 1:
With this ONIOM approach we can also obtain the gradient of the energies and the Hessian of the energy, allowing the optimization and frequency calculations on the optimized structures. The QM region were treated at the gradient-corrected density functional theory (DFT) 21 level using the three-parameter fit of the exchange-correlation potential suggested by Becke, B3, in conjunction with the correlation functional suggested by Lee, Yang and Parr, LYP. 22, 23 The inner shell electrons of the Ni atom (1s, 2s and 2p) were treated by the effective core potential of Hay and Wadt, LANL2DZ, 24 and the valence electrons (3s, 3p, 4s and 3d) were included explicitly in the calculations, using the associated double-x basis set with the original [55/5/4] contraction scheme. All other atoms in the QM region were treated with the Dunning, all electrons, valence double-x basis set, D95V. 25 The MM region was treated using the UFF force field. This level of calculation will hereafter be called (B3LYP:UFF). The stationary points located on the gas phase potential energy surface were characterized by calculating the Hessian matrices at the (B3LYP:UFF) level, where the minimum energy structures have no imaginary frequency, and the transition-state structures have one imaginary frequency. It is important to mention that all molecular structures here studied were considered cationic with singlet spin multiplicity.
All ab initio calculations reported here were performed using the Gaussian 03 program 26 and the molecular structures were drawn using the ORTEP 3 program 27 was adopted. The theoretical calculations were always compared to experimental and similar theoretical studies in order to validate our results. [28] [29] [30] [31] All calculations reported here have been carried out in the gas phase. From now on the ligand bis[N- (2,6-diisopropylphenyl) imino]acenaphthene will be referred simply as diimine.
In this study, we compared the relative free energy of each molecular structure, normalizing the energy value of the starting molecular system, i.e., we considered the sum of energies of one mol of the uncoordinated complex 1 and two mol of ethene molecules (1 + 2 C 2 H 4 ) as 0.0 kcal mol -1 of Ni. Also, all energies obtained had the zero point energy (ZPE) correction included.
Results and Discussions
Our chemical computational results considered a mechanism involving three fundamental polymerization steps: olefin coordination, migratory insertion, and growing chain isomerization. Furthermore, we divided our discussion on three parts, since we divided our polymerization model on three main stages. Each of them starts with the formation of the respective resting state, [Ni(h 
Olefin coordination -stage I
In several chemical computational studies, monomer coordination on a cationic M-methyl diimine complex, where M = Ni or Pd, is normally considered as the first step of olefin polymerization on Brookhart catalysts. Following the same approach, we start verifying the bond energy of the cationic 14 electrons [Ni(diimine)(Me)] + complex 1 with ethene, 13.3 kcal mol -1 , forming the cationic 16 electrons square planar complex 2. This value is in agreement with experimental 32 and former computational 16, 17 studies. It is important to remark here, that, due the steric demand of the diimine ligand, structure 2 presents a deviation of 27.3° of the coordinated olefin in relation to the N-Ni-N plane ( Figure 3) .
Previous theoretical studies have demonstrated that the typical coordination of an olefin on a square planar p-complex, i.e. perpendicular to the plane of the coordinated ligands, can be modified by the steric hindrance of the other ligand(s) around the coordination site. 13, 20, 33 Ziegler and co-workers 20, 34 have already observed, via chemical computational studies, large deviations of bonded olefins from the typical coordination geometries on a square planar complex. Nevertheless, experimental data were obtained only with an analogous [Pt(h 2 -CH 2 CH 2 )(diimine)] + complex. It was verified just a slight deviation of the typical olefin coordination position, that must be related to the larger distance of the Pt(h 2 -CH 2 CH 2 ) bond, decreasing steric interactions between the bulk aryl substituents of the diimine ligand and the coordinated olefin. 34 
Migratory insertion -stage I
For an effective migratory insertion reaction on Brookhart catalysts the olefin of the p-complex must orientated towards to the a-carbon of the alkyl ligand (growing chain). The groups of Morokuma et al., 17 and Ziegler and Michalak 16 have demonstrated by that even in Ni-bulk diimine complexes the ethene ligand rotates around its coordination axis. The rotational energy barrier is quite low, permitting to achieve easily the suitable conformation required for a migratory insertion TS 3 (see Figure 3) .
It is possible to verify that TS 3 (i222.104 cm
) is a planar 4-member ring with a p-center deviation of 18.8° from the N-Ni-N plane. On stage I, the migratory insertion Vol. 22, No. 3, 2011 is characterized by an energy barrier of 11.33 kcal mol The energy difference observed between these two agostic interactions was 5.24 kcal mol -1 . It is important to remark that the b-agostic structure 6 is 12.6 kcal mol -1 more stable than the former p-complex 2, which emphasize the higher stability of structures containing agostic interactions. Previous experimental 14, 20, 30, 31 and theoretical 17, [30] [31] [32] studies with similar bulk Ni-diimine complexes are in agreement with all these observation.
Olefin coordination -stage II
We modeled the increase of a linear growing chain fragment starting by the measurement binding energy of the p-bond on 8, 20.19 kcal mol 
Migratory insertion -stage II
Here, the activation barrier for ethene migratory insertion into the Ni-( n Pr) bond, 14.10 kcal mol -1 , is just slightly higher than that occurred in the Ni-(Me) bond. This value is in accordance with experimental 32 and previous theoretical studies. 17, 35 However, we obtained a significant different structure for this transition state (TS). In Figure 4 , one can see that TS 9 is a 4-center butterfly-like conformation involving the atoms C9-C8-C7-Ni as real TS, with one imaginary frequency (i289.415 cm -1 ). After migratory insertion, the system achieves a fundamental state 10, initially stabilized by a double g-agostic interaction (C-H g = 1.114 Å, Ni-H = 2.112 Å) that can easily be converted to the more stable b-agostic structure 12 (C-H b = 1.195 Å, Ni-H = 1.708 Å), passing through an energy barrier of only of 1.80 kcal mol -1 , via TS 11. In this case, structure 12 is 13.65 kcal mol -1 more stable than the previous p-complex 8. 
Growing chain isomerization -stage III
The high probability of isomerization of the growing chain during the migratory insertions of the coordinated monomers is the main reason that allow Brookhart's catalyst systems to generate branched and hyperbranched polyethylenes. The isomerization occurs due to a series of consecutive b-H eliminations and reinsertions, with different regiochemistry, into the M-H bond that the growing chain undergoes in its alkyl and olefin forms, respectively. These series of events are now called "chain walking" of the catalytic complex over the growing alkyl chain. 32 In fact, this process already has been studied by quantum chemical methods. 17, 36 Nevertheless, other aspects of the model for chain propagation, and isomerization, using QM/MM ONIOM of a real Brookhart molecular catalytic system are considered here.
The isomerization process begins when the b-agostic complex 6 undergoes b-H elimination, leading to structure 13, a [Ni(h 2 -propene)(diimine)(H)] + complex, which is 12.93 kcal mol -1 higher in energy than 6 ( Figure 6 ). The subsequent migratory insertion of the propene ligand into the Ni-H bond, restoring the C-H bond, but in a different regiochemistry, generates the b-agostic structure 14 (C-H b = 1.167 Å, Ni-H = 1.759 Å), a Ni( i Pr) complex (see Figure 6 ), that is just 1.31 kcal mol -1 more stable than its Ni( n Pr) isomer 6. As also reported by Morokuma and co-workers, 17,37 we were not able to determine the TS between 6 and 13 as well between 13 and 14, since the potential energy surface on this path is very flat. For that reason, the Ni-H structure 13 can be considered, indeed, as the isomerization TS of the growing chain process.
Olefin coordination -stage III
The formation of a branch in the growing chain was modeled starting with the evaluation of the binding energy of a new monomer on a cationic 14 electrons [Ni(diimine) ( i Pr)] + complex, 15, without agostic interactions. This leads to structure 16, in which the binding energy of the Ni-(h 2 -CH 2 =CH 2 ) p-bond is 20.29 kcal mol -1 (see Figure 7 ). This is practically the same value for the analogous n Pr structure on stage II (structure 8). Besides that, the system 14 + CH 2 =CH 2 is just 1.31 kcal mol -1 more stable than the corresponding system, 6 + CH 2 =CH 2 , on stage I. These results demonstrate the similar energy correlation of olefin coordination on cationic 14 electrons [Ni(diimine)(alkyl)] + complexes, containing either primary or secondary alkyl ligands. Complex 14 also presents a considerable distortion of the expected square planar geometry. The deviation angle of the N-Ni-N plane is 39.4° for the olefin coordinated, and 34.9° for the Ni-C bond of the i Pr group. In comparison to the observed on complex 8, the analogous complex 16 increased the deviation angle of the Ni-C bond, but decreased it in relation to the Ni-olefin bond. Here also, the system 14 + CH 2 =CH 2 is 4.62 kcal mol -1 more stable than the correspondent p-complex 16. . This interaction must be favored due to the conformation assumed by the isopentyl fragment just after migratory insertion reaction, and 18 is 1.65 kcal mol -1 more stable than the following g-agostic structure 20 (C-H g = 1.126 Å, Ni-H = 1.945 Å). We were also able to find out the energy barrier between the d-to g-agostic interactions, 3.79 kcal mol -1 , represented by the structure TS 19. Additionally, the One of the interesting results raised from this work was the verification of the actual olefin coordination angle for cationic bulky a-diimine Ni(II) p-complexes (structures 2, 8 and 16 from the N-Ni-N plane, 27.3°, 43.8°, and 39.4°, respectively). As we have already mentioned, the out-ofplane olefin coordination involves practically the same orbitals that are required on non-distorted p-complexes (see Figure 5) . The genuine olefin-metal bond on distorted p-complexes can be confirmed not only by their bond energies, but also by the comparison of the olefin C=C bond distances and bond orders of the respective p-complex 2, 8 and 16 with the free ethene ( Table 1) . One can see that in all p-complexes the olefin C=C bond distances and bond orders are significantly lower than that observed on the respective free olefins.
Migratory insertion -stage III
Finally, Figure 9 displays an overview of all reaction steps, by plotting the relative potential energy profile of all structures involved on the three different stages of the ethene polymerization reaction model adopted on this work.
The [Ni(h 2 -ethene)(diimine)(alkyl)] + p-complexes, and the b-agostic complexes are the fundamental structures (wells) of the polymerization sequence, but the b-agostic complexes are the most stable structures in all polymerization sequences. Nevertheless, it was experimentally detected that the resting state of Brookhart polymerization reactions are the p-complexes. 1, 40 This apparent divergence can be explained by the fact that the concentrations of p-and agostic complexes in polymerization reactions are closely related to the monomer concentration in the reaction medium. This also explains why at lower monomer pressures b-elimination reactions are favored, leading to high branched polymers. 
Conclusions
The potential surface, obtained for all steps of our polymerization reaction model, leads to very coherent results. Some of them are very similar to that observed on experimental results, and are quite similar to that verified on previous computational studies. Very distorted olefin coordination geometries were obtained for all p-complexes here studied, which was found to be related to strong steric interaction promoted by the bulky diimine ligand. Despite of such a large distortion, the p-complexes formed are stable because the olefin-metal bond involves practically the same set of orbitals that are used for non-distorted square planar p-complexes. Thus, we have demonstrated that pseudopotentials can be used to obtain suitable chemical computational results with less computational cost, even when agostic interactions are important features to be analyzed.
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